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License 4.0 (CC BY-NC).From the surface to the seafloor: How giant larvaceans
transport microplastics into the deep sea
Kakani Katija,*† C. Anela Choy,*† Rob E. Sherlock, Alana D. Sherman, Bruce H. Robison
Plastic waste is a pervasive feature of marine environments, yet little is empirically known about the biological
and physical processes that transport plastics through marine ecosystems. To address this need, we conducted
in situ feeding studies of microplastic particles (10 to 600 mm in diameter) with the giant larvacean Bathochordaeus
stygius. Larvaceans are abundant components of global zooplankton assemblages, regularly build mucus “houses”
to filter particulate matter from the surrounding water, and later abandon these structures when clogged. By
conducting in situ feeding experiments with remotely operated vehicles, we show that giant larvaceans are able
to filter a range of microplastic particles from the water column, ingest, and then package microplastics into their
fecal pellets. Microplastics also readily affix to their houses, which have been shown to sink quickly to the seafloor
and deliver pulses of carbon to benthic ecosystems. Thus, giant larvaceans can contribute to the vertical flux of
microplastics through the rapid sinking of fecal pellets and discarded houses. Larvaceans, and potentially other
abundant pelagic filter feeders, may thus comprise a novel biological transport mechanism delivering microplastics
from surface waters, through the water column, and to the seafloor. Our findings necessitate the development of
tools and sampling methodologies to quantify concentrations and identify environmental microplastics throughout
the water column.INTRODUCTION
Globally, plastic waste is now a pervasive feature of nearly all marine
environments, ranging fromcoastal bays and estuaries to large oceanic
gyres and down to the abyssal seafloor (1–3). In the absence of changes
to current wastemanagement practices, the annual amount of plastic
waste available to enter the ocean from land is predicted to rise to 250
million metric tons by 2025 (4). Documented ecosystem impacts from
this widespread contamination by plastic debris range widely from
physical hazards and digestive blockage from ingestion bymarine life to
ecotoxicological effects resulting from the trophic transfer of plastic-
related contaminants through marine food webs (5–7). Of the diverse
marine habitats from which plastic debris have been documented, the
distribution and fate of plastics in open ocean ecosystems are the most
poorly known. Offshoremarine waters comprise the largest living space
on the planet, and the diversity of ecosystem inhabitants form complex
food webs of vast international economic importance. Within the open
ocean, a spectrum of plastics has been globally documented from
surface waters (2, 8) and, more recently, in the seafloor sediments
of deep-ocean basins (9, 10). Thus, along with sinking organicmatter
that fuels most of the deep-sea ecosystems, there is a poorly under-
stood but potentially highly dynamic plastic debris field [including
negatively buoyant materials (11)] sinking through the ocean’s mid-
waters, for which ingestion and vertical transport processes are virtually
unknown (3).
Microplastics (defined as particles <5 mm in diameter) are the most
numerically abundant size range of particles within marine plastic
debris fields (2). Despite their pervasiveness, we lack a comprehensive
understanding of environmental microplastic distributions, their sources
and sinks, physical and biological transport mechanisms, and the asso-
ciated organismal and human health hazards. Microplastics arguably
exert the largest ecosystem-scale pollution due to their small sizes,which allow for ingestion by pelagic organisms ranging from zoo-
plankton (12), micronekton (13), and even large predatory fishes
(14). However, the biological impacts on organismal feeding, growth,
reproduction, and mortality are poorly known, in part because there
is a lack of in situ data on the ingestion of microplastics and subsequent
digestive processing (5). Nevertheless, there is evidence that the chem-
ical burdens associated with microplastics present ecotoxic hazards
to marine animals (7, 15). Here, to better understand the ability of
midwater consumers to ingest and processmicroplastics, we conducted in
situ feeding experiments with abundant filter-feeding larvaceans,
Bathochordaeus stygius, from the open ocean ecosystem ofMonterey
Bay, California.
Larvaceans, or appendicularians, are active filter feeders that are cir-
cumglobal components ofmarine zooplankton assemblages (16), whose
abundances are often second only to those of copepods (17). They are
basal chordates whose morphology consists of a trunk (or head) and a
tail (Fig. 1). Larvaceans secrete complex mucus filters that form a
“house” in which the animal lives (18). By beating their tails to drive
a feeding current through their mucus houses, larvaceans are able to
concentrate food particles and other media suspended in the water col-
umn. Giant larvaceans of the genus Bathochordaeus are generally an
order of magnitude larger than most other larvacean species, building
mucus houses in excess of 1 m in diameter (19). Because of their abun-
dance and highest known filtration rates by any midwater filter feeder
(average of 42.9 liters hour−1; maximum of 76.2 liters hour−1], giant
larvaceans in Monterey Bay have the capacity to completely filter their
principal depth range in less than 2 weeks (20). Discarded Bathochordaeus
houses sink rapidly to the seafloor and contribute significantly to the
vertical transport of carbon to the deep sea (21).
Giant larvaceans are ideal candidates to investigate microplastic in-
gestion because their feeding filters exclude and subsequently concen-
trate particles of the same size range as microplastics (<5 mm), and
ingestion of microplastics can be observed directly within the animal’s
transparent trunk. Midwater larvaceans are also highly abundant and,
like other filter feeders, generate currents to ingest particles of organic
matter from the water column. Because of their effective filtration rates1 of 5
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prey items (22), giant larvaceans could be a strong vector formicroplas-
tics intomarine foodwebs.We used a remotely operated vehicle (ROV)
outfitted with novel instrumentation, Deep Particle Image Velocimetry
(DeepPIV; Fig. 1) (20) to make observations of giant larvaceans feeding
on experimentally released microplastics with sizes ranging from 10 to
600 mm in diameter (see Materials and Methods). We evaluated (i) the
potential for this filter feeder to ingestmicroplastics, (ii) the size range of
ingested particles, and (iii) whether microplastics can be incorporated
into themucus house and/or fecal pellets, enabling the rapid removal of
microplastics from near-surface waters and subsequent deposition on
the seafloor.RESULTS
Microplastic particles were dispensed on a total of 25 B. stygius individ-
uals; particles were observed to enter the inner filters of 11 of these in-
dividuals. At-sea conditions limited our ability to conduct sustained
ROV observations on many of the animals. Of these 11 individuals,
microplastics were subsequently processed into the guts of 6 specimens.
Some particles were dislodged by water flow from the internal surfaces
of the inner filter and passed through the buccal tube and into the gut
of the larvacean (Fig. 2 and movie S1). No particles were observed toKatija et al., Sci. Adv. 2017;3 : e1700715 16 August 2017exit from this pathway. Of the five individuals subsequently collected
by the ROV, ship- and shore-basedmicroscopy confirmed the presence
of microplastics in the guts and/or fecal pellets of four specimens;
one individual was lost during ROV recovery (Fig. 3 and table S1).
All size classes of particles used in the feeding experimentswere ingested
(table S1). During and after passing of microplastic-rich fecal pellets,
the collected specimens appeared to swim normally within their hold-
ing containers.
Microplastic particles trapped within the collapsed filters of dis-
carded Bathochordaeus houses would travel quickly to the seafloor,
based on published sinking rates of about 800 m day−1 (21). We also
measured the sinking rates of Bathochordaeus fecal pellets from spec-
imens not used in the feeding experiments (and thus not containing
microplastics) and found that these pellets descend at an average rate
of 300 m day−1 (see Materials and Methods and table S2). These
relatively fast sinking rates (23) reduce the likelihood of interception,
consumption, or degradation during their fall to the seafloor. Despite
the near-neutral buoyancy of particles selected for this feeding study,
the collected microplastic-rich mucus houses and fecal pellets were
negatively buoyant in their holding containers.While these observations
support the assumption that microplastic-rich structures sink, the rates
of deposition are expected to vary because sinking rate inherently
depends on the density of the ballasting material (24).Fig. 1. Experiments were conducted on board R/V Western Flyer using DeepPIV’s particle injector deployed from ROV Doc Ricketts. We conducted in situ
feeding studies of giant larvaceans using a modified dye injector pump developed with the DeepPIV hardware (20). A peristaltic injector pump emptied a bag filled
with microplastic particles and dispensed particle-rich fluid through the tubing nearby an animal.2 of 5
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Our findings show that giant larvaceans can ingest and package
microplastics into sinking aggregates. Arguments that could limit
the significance of these results include the following: (i) Microplastics
may be disproportionately constrained to the top of the water column,
above the principal depth range of Bathochordaeus (100 to 300 m)
(20), and (ii) giant larvaceans may be able to selectively reject
microplastics at concentrations found within their environment.
However, microplastics have been reported from different subsurface
marine habitats, such as abyssal ocean sediments (10) and the upperKatija et al., Sci. Adv. 2017;3 : e1700715 16 August 2017water column (25, 26), directly suggesting a dynamic microplastic
particle field sinking through the water column. More measurements
of concentrations and distributions of microplastics across the water
column are needed. With regard to particle rejection, studies on
smaller, near-surface larvacean species using fluorescent plastic and
latex particles may extend our findings of microplastic uptake to the
oikopleurids Oikopleura dioica (27–29), O. vanhoeffeni (30), and
Stegasoma magnum (27) and to the fritillarid Fritillaria borealis (29).
Oikopleurids (including Bathochordaeus) are among the most
abundant filter feeders found in the ocean (17); oikopleurids andFig. 2. During feeding experiments, microplastics were observed inside and attached to the inner house and inside the gut of giant larvaceans. Microplastic particles in
varying size ranges (from 10 to 600 mm) are represented by different colors (for example, red, yellow, green, and orange; see table S1 for specific particle sizes). Image corresponds to
B. stygius specimen D5 from dive D870 (table S1). Scale bar, 2 cm. ih, inner house; bt, buccal tube; mp, microplastics; g, gut; tr, trunk; m, mouth; t, tail; r, ramp of inner house.Fig. 3. Collected giant larvaceans were maintained in a cold room, and after 12 hours, animals and fecal pellets were imaged under a microscope to
determine microplastic particle size. (A) After the 12-hour period, the guts of intact individuals were completely evacuated. (B) Microplastic particles were
incorporated into the fecal pellets, where each color (for example, red, orange, yellow, and green) corresponds to specific size classes of particles shown at lower
(B) and higher (C) magnifications. (See table S1 for specific particle sizes). The fecal pellet in (C) can be seen in the upper left corner of (B). Images shown here
correspond to B. stygius specimen D5 from dive D870 (table S1).3 of 5
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(31, 32). Although very little is known about subsurface microplastic
distributions, filter-feeding larvaceans can be found anywhere in
the oceanic water column where microplastics are expected to occur.
For example, larvaceans have been reported as important components of
zooplankton assemblages in the subtropical and subarctic North Pacific
regions (33), oceanic areas that encompass microplastic convergence
zones associated with theNorth Pacific Subtropical Gyre (2). Larvaceans
are known to be able to actively reject particles during ingestion and to
have the ability to differentiate particles by size, nutrient concentration,
and the presence of toxins (34). Given these abilities, larvaceans would
be expected to differentiate nutrient-rich prey items from nutrient-
poor microplastics. However, laboratory feeding studies on O. dioica
found no difference between grazing rates on plastic beads and
natural phytoplankton (28), which is consistent with our in situ inges-
tion observations of B. stygius.
Our results present a novel biological transport vector that could
effectively move large amounts of microplastics from near-surface
waters into the deep sea. While the overall importance of this pathway
is dependent upon relatively unmeasured environmental concentra-
tions and characterizations of microplastics across the water column
[for example, abundance, size range, and microplastic material proper-
ties including density (35)], our results suggest multiple, interacting
areas that require further study. Larvaceans have been shown to be
the primary prey for many planktonic carnivores and larval fish (22)
and could thus serve as an important trophic node for the transfer of
microplastics through marine food webs. In addition, the discarded
houses of larvaceans are widely consumed by a diversity of mesopelagic
and bathypelagic animals, as well as benthic organisms on the seafloor
(36). The same is likely to be true for larvacean fecal pellets [for example,
see study of Turner (23)]. A number of other highly abundant pelagic
filter feeders and suspension feeders, including salps, doliolids, and
pyrosomes (35), are potential consumers of microplastics and could
also transfer plastics through foodwebs. Little is known about whether
these widespread animal groups ingest microplastics in situ, although
laboratory feeding studies on salps have demonstrated plastic ingestion
(37). To comprehensively evaluate the overall impacts of microplastics
on marine food webs and nutrient cycling in the ocean, targeted
efforts are required to gather data on the rates and concentrations at
which microplastics are aggregated by larvaceans and other pelagic
filter-feeders.MATERIALS AND METHODS
Preparation of microplastics for in situ feeding studies
Polyethylene microspheres, or microplastic particles (Cospheric LLC),
were selected based on particle density (closely matching the density
of seawater or 1.027 g/cm3) and size range, while minimizing overlap
of coloration to distinguish between particle size classes during feeding
experiments. Given these constraints, we selected red, orange, yellow,
and greenmicroplastic particles that ranged in size from 10 to 600 mm
in diameter (table S1). All particles but the largest size class (red; 500
to 600 mm in diameter) had fluorescent surface coatings to enhance
visibility for observations during experiments. Microplastics were
prepared using a protocol that uses Tween 80 biocompatible surfactant
to ensure separation of particles once in solution (www.cospheric.com/
tween_solutions_density_marker_beads.htm). To minimize any ad-
verse behavioral responses to the surfactant, the Tween solution was
replaced with seawater at the end of the protocol, which did not haveKatija et al., Sci. Adv. 2017;3 : e1700715 16 August 2017any visible effect on particle separation. Before each ROV dive, an in-
travenous bladder with a volume of 1 liter was filled with a mixture of
200 ml of microalgae (cultured Nannochloropsis sp.), 1.25 g of pre-
pared microplastics (0.25 g of each size class), and 800 ml of filtered
seawater. The addition of microalgae to suspended microplastics is
consistent with previous studies of larvacean filter feeding (28, 29).
Microplastic concentrations within the bladder were approximately
1.25 g/cm3 for all feeding experiments.
Microplastic dispersal using modified DeepPIV dye injector
In situ feeding experiments were enabled by the deployment of DeepPIV
(20) from the port manipulator on ROVDoc Ricketts. DeepPIV is an
instrument that allows for the in situ visualization and quantification
of small-scale fluid motion (Fig. 1). In addition to camera and laser
housings, DeepPIVwas equipped with a peristaltic pump (Cole Parmer),
whose tubing diameter allowed for the passage of particles greater than
1 mm in size. An intravenous bladder filled with the microplastic mix-
ture was attached to the injector such that microplastic particle–rich
seawaterwas released from the injector tubing once the peristaltic pump
was activated (fig. S1).
In situ feeding experiments with giant larvaceans
Feeding experiments with B. stygius were conducted in Monterey Bay,
California, in June 2016 using ROV Doc Ricketts and DeepPIV and
occurred between depths of 200 and 400 m. During in situ feeding
experiments, an ROV pilot positioned the vehicle such that the injector
tubing was adjacent to the larvacean inner house. Particle-rich fluid
was dispensed into the water column for 1- to 5-s intervals depending
on the quantity of particles released (fig. S1, 00:00:00). After particle
release, the ROV was positioned away from the animal such that the
hydrodynamic signature of the vehicle did not disturb larvacean
feeding behavior. Sustained observations of a feeding larvacean would
continue until microplastic particles could be visually confirmed inside
the gut of the animal (fig. S1, 00:01:50) or until proper positioning
between the ROV and surface vessel could no longer be achieved,
whichever was longer. At the completion of the experiment, the animal
was collected in a detritus sampler (fig. S1, 00:10:15), stowed, and
brought to the surface at the end of the ROV dive. Once at the surface,
animals were transferred from the samplers into separate containers
and kept overnight in a cold room. Over the ensuing 12 hours, those
specimens produced fecal pellets that were collected and imaged using
ship-based microscopy to confirm the presence of microplastics (Fig. 3,
A and B). Animals and fecal pellets were then preserved in formalin and
brought to the shore for furthermicroscope imaging to quantify the size
distribution of particles ingested (Fig. 3C and table S1). Movie S1 shows
an in situ feeding experiment, which includes particle injection, micro-
plastic ingestion, and collection of giant larvacean specimen D5 during
dive D870 (table S1).
Sinking velocities of giant larvacean fecal pellets
Seven specimens of Bathochordaeus spp. were collected in August 2016
using ROV Ventana from depths between 100 and 200 m. Thirteen
fecal pellets (derived from food captured by the Bathochordaeus spec-
imens before capture and then generated by those specimens) were
photographed, measured, and used to determine sinking rates (table
S2). Giant larvacean specimens were kept at 9°C in an environmental
chamber, and seawater from each unique collection was transferred to
a chilled, glass graduated cylinder 50 mm in diameter. Sinking exper-
iments commenced once water movement in the graduated cylinder4 of 5
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cylinder using a large-bore pipette and timed as they settled through
the 243-mmcolumn. Fecal pellets were video-recorded as they sank and
subsequently collected and preserved in 5% formalin.SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/8/e1700715/DC1
fig. S1. In situ feeding experiments with giant larvaceans involved quantifying filtration rates,
particle injections, feeding observations, collection of animals, and imaging of animal guts and
subsequent fecal pellets.
table S1. Summary of in situ feeding results of B. stygius individuals collected during dive D870
on R/V Western Flyer.
table S2. Summary of fecal pellet sinking results for giant larvaceans collected with ROV
Ventana.
movie S1. In situ feeding experiment using microplastic particles with a giant larvacean
B. stygius (individual D5) on dive D870 in June 2016.REFERENCES AND NOTES
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